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CATALYST COMPOSITION AND OLEFIN
POLYMERIZATION USING SAME

FIELD OF THE INVENTION

This invention relates to novel metal complexes, particu-
larly chromium complexes, which contain at least one
tridentate ligand for each metal. This mvention also relates
to an improved olefin polymerization process catalyzed by a
catalyst composition, which comprises such novel metal
complexes. The polymerization process 1s particularly use-
tul for making 1-butene and a wide range of oligomeric and
polymeric products having high oa-olefin concentrations.

BACKGROUND

Many linear olefins, particularly linear a-olefins, typically
have a variety of valuable uses. For example, a-olefins, such
as 1-hexene, can be used 1n hydroformylation (so-called
“OX0O” process) to produce oxygenated products like alco-
hols and aldehydes. In addition to finding uses 1n specialty
chemicals or as intermediates, ct-olefins also can be used 1n
polymerization processes as either a monomer or co-mono-
mer to prepare polyolefins, or other polymers. For example,
it has been widely reported that 1-octene can form polymers
or co-polymers, which may be used as eflective drag reduc-
ing agents for transporting hydrocarbons in pipelines. It 1s
therefore desirable to control the linearity of the product, or
produce linear olefins, particularly linear a.-olefins, in most
oligomerization or polymerization processes.

It 1s well known that mono-olefins, particularly lower
a.-olefins, particularly ethylene, propylene, and 1-butene can
be oligomerized (including dimerized and trimerized) and/or
polymerized by using homogeneous or heterogeneous cata-
lyst systems comprising compounds-derived from transition
metals such as titanium, zirconium, vanadium, chromium,
nickel and/or other metals, either unsupported or on a
support such as alumina, silica, silica-alumina, titania, other
refractory metal oxides, and other similar materials. Even
diene monomers such as 1,3-butadiene may be oligomernzed
or polymerized to give various products such cycloocta-
dienes. These polymerization catalyst systems frequently are
used with an organometallic co-catalyst, such as organobo-
ron, organoaluminum and/or organotin compounds.

Many catalyst systems are usually not very selective in
the production of oligomeric or polymeric olefinic products
in terms ol molecular weight distribution, linearity of the
carbon-carbon backbone, branching, location of the double
bond(s) 1n the product, and incorporation of co-monomers,
iI any, into the product. Some reported homogeneous orga-
nometallic catalyst systems tend to have lower activities,
higher consumptions of co-catalysts, but they can produce
lower molecular weight oligomers or polymers with a nar-
row molecular weight distribution.

As a result, there 1s always a need of improving the
catalyst systems to have better catalytic properties in terms
ol controlling specific oligomerization or polymerization of
specific olefins or diolefins to produce products with the
desired or targeted physical and chemical properties.

SUMMARY OF THE INVENTION

It 1s one objective of the present invention to provide a
polymerization process for making a product, the polymer-
1zation process comprises contacting at least one olefin 1n a
teed, with or without a medium, with a catalyst and a
co-catalyst, followed by recovering the product, wherein the
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catalyst comprises a metal-tridentate ligand complex com-
prising a metal, preferably a transition metal, one or more
tridentate ligands (such as FORMULA A) having at least
two different elements for the three coordinating sites in
cach trnidentate ligand, the elements are independently
selected from the group consisting of nitrogen, phosphors,
oxygen, and sulfur, and wherein the metal-tridentate ligand
complex has a formula as FORMULA B.

It 1s another object that the olefin to be polymerized
includes, but i1s not limited to, mono-olefins (a.-olefins and
internal olefins; linear and branched olefins) like ethylene,
propylene, 1-butene, cis-2-butene, trans-2-butene, 1-pen-
tene, 3-methyl-1-pentene, 4-methyl-1-pentene, 1-hexene,
1-heptene, 1-octene, vinylcyclohexene, cyclopentene, meth-
ylcyclopentene (1-, 2-, 3- or mixtures), 1-octadecene, and
mixtures of mono-olefins; dienes like 1,3-butadiene, 1so-
prene, 1,4-pentadiene, 1,3-hexadiene, 1,4-hexadiene and
1,5-hexadiene, 4-vinylcyclohexene, vinylnorbornene, nor-
bornadiene, and mixtures of dienes; vinyl-aromatic com-
pounds such as 1- or 2-vinylnaphthalene, 2- or 4-vinylpy-
ridine, styrene and substituted styrenes like o-methylstyrene,
m-methylstyrene, p-methylstyrene, p-ethylstyrene, divinyl-
benzene, and p-t-butylstyrene; and mixtures thereof, and
mixtures of mono-olefins, dienes and/or vinyl-aromatic
compounds.

It 1s a further object to provide a catalyst composition
which comprises a metal-tridentate ligand complex having a
structure of FORMULA B, wherein M consists essentially
of an element selected from the group consisting of man-
ganese, chromium, vanadium, mickel, and mixtures thereof;
the co-catalyst comprises one or more aluminum alkyl
compounds or organoboron compounds, or mixtures
thereol; and the product comprises a-olefins, which can be
linear, branched, or mixtures thereof. In another embodi-
ment, the product can be characterized by having Schulz-
Flory constants (K) 1n the range of from about 0.4 to about
0.98, preferably from about 0.5 to about 0.9, more preferably
from about 0.55 to about 0.8.

It 1s another object to provide an ethylene dimerization
process for making 1-butene, the dimerization process com-
prises contacting ethylene 1n a feed, with or without a
medium, with a catalyst and a co-catalyst, followed by
recovering 1-butene, wherein the catalyst comprises a metal-
tridentate ligand complex comprising a transition metal, one
or more tridentate ligands (such as FORMULA A) having
nitrogen for all three coordinating sites in the tridentate
ligand, and wherein the metal-tridentate ligand complex has
a formula as FORMULA B. Depending on R'" and R">, high
1-butene purity (in excess ol 98%, preferably in excess of
99% or higher, among the butene 1somers) may be obtained.

Another object of the present invention to provide a
catalyst composition which comprises a metal-tridentate
ligand complex comprising a stricture of FORMULA B.

It 1s a further object to provide a catalyst composition
which comprises a metal-tridentate ligand complex com-
prising a structure of FORMULA B, wherein Q' and Q* are
nitrogen, Q° is oxygen, and R* does not exist; R' and R are
independently selected from C, to C. alkyl groups; R” is
selected from 1-ring aryl groups; R®> R°, and R’ are inde-
pendently selected from H and C, to C; alkyl groups; L 1s
selected from F, Cl, Br, I and mixtures thereof; and q 1s 2.

It 1s another object of the present to provide a chromium
chloride complex containing 6-[1-{(2,6-dimethylphenyl)
imino }ethyl]-2-acetylpyridine.

It 1s yet another object of the present to provide a
chromium chloride complex containing 6-[1-{(2,6-diisopro-
pylphenyl)imino }ethyl]-2-acetylpyridine.
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It 1s still another object to provide a method for making
the metal complexes with suitable transition metal starting
materials and suitable ligands tinder conditions effective to
produce such complexes.

It 15 yet another object to provide a method for making the
suitable tridentate ligands, which are useful for making the
metal complexes.

Another object 1s to provide a multi-component catalyst
system comprising (a) at least one first component consist-
ing essentially of an ethylene or propylene dimerization or
trimerization catalyst comprising a metal-tridentate ligand
complex described herein such as FORMULA B containing
a first transition metal, and with nitrogen for all three
coordinating sites, and (b) at least one second component
consisting essentially of an ethylene or propylene polymer-
ization catalyst such as a Ziegler-Natta catalyst, a precursor
of the Ziegler-Natta catalyst, a metallocene, a precursor of
the metallocene, and mixtures thereof. The second compo-
nent contains a second transition metal. It 1s preferred to use
one or more co-catalysts such as organometallic compounds
with the multi-component catalyst system to produce eth-
ylene or propylene polymers.

A further object 1s to provide an olefin polymerization
process using a multi-component catalyst system, an orga-
nometallic co-catalyst, and the olefin being selected from
cthylene, propylene and mixtures thereof in a feed tinder
condition effective to produce polymers, wherein the multi-
component catalyst system comprises (a) at least one first
component consisting essentially of an ethylene or propy-
lene dimerization or trimerization catalyst, which comprises
a metal-tridentate ligand complex described herein, such as
FORMULA B and containing a first transition metal, with
nitrogen for all three coordinating sites, and (b) at least one
second component consisting essentially of an ethylene or
propylene polymerization catalyst such as a Ziegler-Natta
catalyst, a precursor of the Ziegler-Natta catalyst, a metal-
locene, a precursor of the metallocene, and mixtures thereof.
The second component contains a second transition metal.
The polymers are characterized by being a product selected
from the group consisting of polyethylene (PE), low density
polyethylene (LDPE), linear low density polyethylene (LL-
DPE), polypropylene (PP), wax, and mixtures thereof.

Other additional objects and advantages will become
apparent to and appreciated by those skilled in the art by
reading the disclosures herein.

DETAILS OF THE INVENTION

The present invention relates to novel metal-ligand, par-
ticularly metal-tridentate ligand complexes, the method for
making such complexes, and olefin polymerization pro-
cesses using catalysts comprising such complexes. The
present mvention also relates to a novel multi-component
catalyst system, which system comprises (a) at least one first
component consisting essentially of such a metal-multiden-
tate ligand complex and (b) at least one second component
consisting essentially of at least one Ziegler-Natta catalyst or
its precursor or a metallocene or a metallocene precursor or
mixtures thereof; and a polymerization process using such
multi-component catalyst in the presence of an organome-
tallic co-catalyst. For the instant invention and disclosure,
the term “polymenization” Is used interchangeably, unless
otherwise specifically specified or claimed, with the term
“oligomerization” to encompass generally (co-)dimeriza-
tion, (co-)trimerization, homo- or co-oligomerization, and
homo- or co-polymerization of one or more olefins (alk-
enes), vinyl aromatics, and/or diolefins to form (co-)dimers,
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(co-)trimers, homo- or co-oligomers and/or homo- or co-
polymers of the olefin(s) 1n a feed.

Suitable metal-ligand complexes comprise a metal, a
bidentate, tridentate or multidentate ligand, other ligands/
moieties/counter-ions to balance the electrical (1onic) charge
so that the whole complex 1s neutral and/or the formal
clectron count 1s satisfied, and optionally solvent molecules.
Two or more metal atoms, same or different and with or
without direct metal-metal bonds may be present in a
complex.

Unless a specific ligand 1s used or referred to, the word
“multidentate™ 1s used to denote a ligand having two, three
or more coordinating sites. Many ligands having difierent
number and/or type of coordinating sites can be used for the
present invention. Tridentate ligands are preferred for the
present mvention. It 1s more preferred to have at least two
different elements (for instance, N and O) for the three
coordinating sites ol the three per tridentate ligand. For
cthylene dimerization to 1-butene, 1t 1s preferred to have
nitrogen for all of the three coordinating sites; 1t 1s more
preferred to have either R'! or R being selected from the
group consisting of methyl (Me), ethyl (Et), n-propyl (nPr),
1so-propyl (1Pr), and n-butyl (nBu). For making wax, it 1s
preferred to have either R'' or R"> being a t-butyl group.

A more preferred tridentate ligand has the following
FORMULA A.

Rﬁ

\)\»r“

RS

R' xS
\‘(\Ql

R2

wherein
Q', Q% and Q°: independently selected from O, S, N, and P;
R' and R”: independently selected from H, C, to C,, alkyl
groups 1-, 2- or 3- (1.e. 1-3) rning aryl groups and
substituted aryl groups;
R* and R* if Q° or Q° is O or S, none
if Q® or Q° is either N or P, independently selected from
H, C, to C,, alkyl groups, 1-, 2- or 3-ring aryl groups
and substituted aryl groups;
R>, R°, and R’: independently selected from H, C, to C,,,

alkyl groups; and R’ does not exist if the carbon to which
it 1s attached 1s not present.

It is understood that with or without R” and the associate
carbon to which it is attached, the ring containing Q' i
characterized by and should have some aromatic character-
istics. For instance, Q' may be oxygen and the ring is based
on a five-membered ring furan structure.

Depending primarily on the starting materials for the
metal(s) and the nature of the multidentate ligands, there
may be other ligands or moieties or ions present 1 the
complex to balance the electrical (1onic) charges and/or
formal electron counts. For mstance, 1f chromium (II) chlo-
ride, or CrCl,, 1s used as the starting material for chromium,
chloride will be present in the metal-ligand complex. The
number and type of the ligands present may vary, depending
on the oxidation state of the metal 1n the starting materal,
whether there 1s any redox reaction taking place, whether the
multidentate ligand 1s used 1n an 1onic form with 1ts own
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counter-ions, the number of metals 1n the complex, and other
reaction conditions. There may be other reactants, either
organic or morganic, such as acids, salts, bases, and mixtures
with different 10ns present in the reaction, which may end up
in the final product.

“L”” can be any anions or neutral molecules such as CO.

Some non-limiting examples of “L”” include CO, H, hydrox-
ide (OH), halides and pseudo-halides, chlorate, chlorite,
phosphate, phosphite, sulfate, sulfite, mitrate, amides, alkox-
ides and their analogues (including those derived from
glycols, thiols and phenols), carboxylates (including dicar-
boxylates and substituted carboxylates such as 2-ethylhex-
anoate and triflates), hydrocarbyls like alkyls (such as
methyl, ethyl, and others), alkenyls, aryls (such as phenyl,
methylphenyls, and the like), and mixtures thereof. More
examples are further disclosed below 1n association with

FORMULA B.

Because the complex preparation 1s generally more con-
venient carried out 1n a solution, there may be one or more
solvents present during the reaction and/or in the {inal
complex. IT one of the reactants 1s a liquid or the reaction 1s
conducted 1n a melt-phase, a solvent 1s not needed for this
convenience. As long as a solvent or solvent mixture does
not interfere with the metal-multidentate ligand complex
formation, it can be used. Depending on the nature of the
solvent, the metal complex and the recovery methods/
conditions, one may find that there 1s no solvent in the
recovered complex. It 1s also possible to find by chemical
analyses that the number of solvent molecules per metal may
be fractional.

Examples of a suitable solvent include both organic and
inorganic solvents and their mixtures, such as alcohols
(methanol, ethanol, 1- or 2-propanol, sec-butanol, n-butanol,
t-butanol, ethylene glycol, propylene glycol, mixtures
thereol, or mixtures with water), ethers (dimethyl ether,
diethyl ether, methyl ethyl ether, tetrahydrofuran or THE,
tetrahydropyran, 1,3-dioxane, 1,4-dioxane and mixtures
thereol), glycol ethers, esters (methyl acetate, ethyl acetate,
etc), thioethers, halogenated hydrocarbons (such as CFC’s
|chlorofluoro hydrocarbons], methyl chloride, methyl bro-
mide, methyl 1odide, dichloromethane, dibromomethane,
chloroform, ethylene dichloride and others), aliphatic and
aromatic hydrocarbons, and mixtures thereof. Many of these
solvents, such as oxygenated solvents (an ether like THF 1s
all example) can be characterized as Lewis base solvents

(1.e. electron pair donating solvents). Additional examples
are disclosed below in FORMULA B.

A metal-tridentate ligand complex suitable for the present
invention 1s of the following general FORMULA B:

(solvent),,
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wherein
Q,, Q% and Q°: independently selected from O, S, N, and P;
R' and R’: independently selected from H, C, to C,, alkyl
groups, 1-, 2- or 3- (1.e. 1-3) ring aryl groups and
substituted aryl groups;
R* and R* if Q° or Q° is O or S, none
if Q° or Q° is either N or P, independently selected from
H, C, to C,, alkyl groups, 1-, 2- or 3- (i.e. 1-3) ring aryl
groups and substituted aryl groups;
R>, R®, and R’: independently selected from H, C, to C,,
alkyl groups;

M: a first transition metal selected from the group consisting
of Cr, Mn, V, Ni, Ti, Zr, Hf, Ta, and mixtures thereof;
L: each L independently selected from the group consisting

of F, Cl, Br, 1, C, to C,, alkyl, C. to C,, aryl, nitrate, OR*",

OC(=0)R*?*; R*’; CN; SCN, CO, H, wherein R*', R**,

and R*> are independently selected from the group con-

sisting of H, C, to C,, alkyl groups, substituted alkyl
groups, 1-, 2- or 3-ring aryl groups, substituted aryl
groups, and silyl groups;

solvent selected from the group consisting of ethers, poly-
cthers, esters, alcohols, halogenated hydrocarbons, and
mixtures thereot;

q 0-5 (integer) to balance overall electrical charge

m 010 (integer or fractional).

As understood from the chemical formula/stricture of
FORMULA B, the metal complex must comprise at least
one metal, preferably a first transition metal and at least one
tridentate ligand. As discussed earlier, the number of other
ligands (L) would depend on the net electric (used inter-
changeably with 1onic) charge of the M-Ligand so as to
make the entire formula neutral. Also as discussed earlier,
the number of solvent molecules may vary, depending on the
complex, solvent(s), preparation method and many ether
factors and “m” need not be an integer as determined by
chemical analyses. In other words, “m” may be fractional
(per metal).

The scope of the present mmvention encompasses many
different metals, M, particularly transition metals, such as
titanium, zirconium, hatnium, vanadium, niobium, tantalum,
chromium, manganese, iron, nickel, cobalt, and mixtures
thereof. It 1s preferable that M consists essentially of an
clement selected from the group consisting of chromium,
manganese, vanadium, and mixtures thereof Chromium 1s a
more preferred metal.

Many different sources of these metals may be used to
prepare the metal-ligand complexes. These sources include,
as discussed earlier, metal halides, pseudo halides, carboxy-
lates, alkoxides, phenoxides, nitrates, sulfates, phosphates,
chlorates, organometallic compounds, metal carbonyls,
metal clusters and mixtures thereoif. Different oxidation
states may be used. For instance, many of these materals
may be purchased from commercial sources such as Aldrich
Chemical Company, Fluka Chemical Company, Alfa
AESAR Chemical Company, etc.

More specifically for chromium (oxidation states from 0
to VI), the following materials may be used: chromium(II)
chloride, chromium(IIl) chloride, chromium(Il) fluoride,
chromium(III) fluoride, chromium (II) bromide, chromium
(III) bromide, chromium(Il) 10odide, chromium(IIl) 10dide,
chromium(II) acetate, chromium (III) acetate, chromium
(III) acetylacetonate, chromium(Il) 2-ethylhexanoate, chro-
mium (II) triflate, chromium(I1I) nitrate, Cr(CO),, and mix-
tures thereof.

As mentioned briefly above, L can be any suitable anion
or neutral molecule. If one or more “L’s” are needed to

balance the charge of FORMULA B to zero, then each “L”
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1s independently selected from the group consisting of CO,
H, halides (F, Cl, Br, 1,), nitrate, alkoxides or phenoxides
(OR*") carboxylates [OC(=0O)R**], R*°, CN, SCN, and
CO. R*', R*, and R*® are independently selected from the
group consisting of H, C, to C,, alkyl groups, substituted
alkyl groups, 1-, 2- or 3-ring aryl groups, substituted aryl
groups and other hydrocarbyl groups such as alkenyl groups.
The substituents on the alkyl or aryl groups include, but are
not limited to alkyls, aryls, halides, silyl groups, amino
groups, alkoxy groups and mixtures thereof. In addition, L
can also be selected from hydrocarbyls such as alkyl,
alkenyl, or aryl groups. Examples of suitable alkyl groups
include, but are not limited to C, to C,, linear or branched
alkyls, such as methyl, ethyl, n-propyl, 1sopropyl, n-butyl,
1so-butyl, t-butyl, sec-butyl, 1-octyl groups and others. C; to
about C,, linear or branched alkenyl groups also may be
used. Examples of suitable aryl groups include, but are not
limited to C; to C,, aryls such as 4-pyridyl, 2-pyridyl,
phenyl, p-methylphenyl, o-methylphenyl, etc. It 1s preferred
to have halogens as L. It 1s more preferred the L 1s or consists
of or consists essentially of Cl.

If two or more L’s are needed, then they can be indepen-
dently selected from all of those described and disclosed
above, or from moieties containing two or more such
groups. For instance, 11 two L’s are needed or preferred, then
a glycol type (LL), 1e. O—CH,—CH,—O or

O—CH,—CH(CH,;)—0O— can be used. It 1s also within
the scope of the invention to have mixed (LL') type where
the chelating groups are not i1dentical. The above propylene
glycol type 1s one example. Other examples include moieties
with mixed alkoxides with phenoxides and/or carboxylates.

It is preferred that Q' is nitrogen (N). Hydrogen and C, to
C. alkyl groups such as methyl or ethyl are preferred,
independently, for R>, R°, and R’. More preferably, R>, R°,
and R’ are all H.

Q', Q°, and Q° can all be nitrogen (N) in FORMULA B.
In a preferred embodiment, not all of Q', Q*, and Q° are the
same, particularly for making waxes or polyethylenes. It 1s
more preferred to have (a) N for Q', N for Q?, and O for Q°;
or (b) O for Q', N for Q*, and O for Q°.

Preferably Q” is nitrogen (N). When Q' and Q° are both
nitrogen, it is preferred that Q° is oxygen or sulfur, except for
cthylene dimerization to high purity 1-butene or 2-butenes
or mixtures thereof. In this case, R* does not exist (i.e. none)
to satisfy the valence requirement of oxygen or sulfur.
Ethylene can be dimerized to butene by using the present
invention. For ethylene dimerization to 1-butene 1n excess of
98%, preferably 1n excess of 99% or higher purity among
butene isomers, it is preferred to have Q', Q°, and Q° all
being nitrogen, and preferably R* and R* are phenyl and the
corresponding R'' is preferred to be independently selected
from the group consisting of methyl, ethyl, n-propyl or
isopropyl. For ethylene dimerization to butenes (1-butene,
cic-2-butene, trans-2-butene mixture), it 1s preferred to have
Q', Q7 and Q° all being nitrogen; and preferably R* and R*
are both phenyl and the corresponding two R'! groups are
preferably hydrogen. (see FORMULA C below)

Regardless which elements are selected for Q* and Q°, it
1s preferred to have selected from C, to C; alkyl groups,
1-ring aryl and substituted aryl groups (i.e. phenyl groups)
selected independently for R' and R”. Methyl group is more
preferred for both R' and R”.

If either or both of Q° and Q° are nitrogen, then it is
preferred to have phenyl groups for R* and/or R* attached to
the mitrogen and the phenyl groups, selected independently

for Q* and/or QQ°, are shown as follows (FORMULA C)
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Rll RIZ

\_/
\ /

RIS

QUlor3) R 13

Rl4

wherein R'', R'*, R, R™, and R" are individually
selected from H, C, to C,, alkyl groups, substituted C, to
C  alkyl groups, 1-3 ring aryl groups, substituted 1-3 ring
aryl groups, F, Cl, Br, I, amino groups, silyl groups such as
S1(CH,),, Si1(phenyl),, and the like. Many other substituents
such as nitro groups can also be used for making the
metal-tridentate ligand complexes. However, iI the com-
plexes are used as catalysts for polymerization reactions, all
of the above-mentioned R’s should not have functional
groups that would interfere with the polymerization reac-
tions themselves or other components such as co-catalysts,
if present. It is preferred to have H for R'#, R'?, and R'*. It
1s also preferable to have a C,—C; alkyl group or H for either
or both of R and R". More preferred R'"" and R" are
selected independently from the group consisting of H,
methyl, ethyl, n-propyl, 1so-propyl, and n-butyl groups. As
already discussed. Q', Q° and Q° are preferably all nitrogen
and only one of R'" and R'> is H when ethylene dimerization
to 1-butene (1n excess of 98%, or preferably 1n excess of
99% or even higher purity) 1s the preferred polymerization
reaction. When 2-butenes or butene mixtures are the pre-
ferred ethylene dimerization products, both R'* and R"> are
preferred to be H.

When the metal M 1s selected from the group consisting,
of manganese, chromium, vanadium, and mixtures thereot,
it 1s preferred to have H, methyl, 1so-propyl, and/or n-butyl
groups for both R" and R"> in order for the complexes to be
better catalysts, particularly as catalysts for ethylene poly-
merization or co-polymerization in the presence of a co-
catalyst such as aluminum alkyls, aluminum alkyl halides,
alumoxanes Such as MAO or MMAO (modified MAO,
some are commercially available products from Akzo Nobel
in heptane solutions.).

FORMULA B 1s a preferred embodiment of the present
invention. As FORMULA A INDICATES, 1t 1s also within
the scope of the present invention that a five-membered ring
containing Q' may be used as part of the tridentate ligand.
In this case. R’ and the carbon to which it is attached in
FORMULA B do not exist. It 1s still contemplated that the
five-membered ring portion possesses aromatic characteris-
tics. Depending on Q', the electrical (ionic) charge of the
entire metal complex has to be balanced to zero with a
proper number of “L’s” present.

Another embodiment of the present mnvention provides a
multidentate ligand with 2, 4, 5 or 6 coordinating atoms.
While the three coordinating atoms in FORMULA B are
more or less on the same plane, 1.e. co-planar, this may not
be the case for all of the coordinating atoms in a tetra-,
penta-, or hexa-dentate ligand.

As already mentioned briefly, a preferred solvent
includes, but 1s not limited to, coordinating solvents (i.e.
Lewis base type solvents or electron pair donating solvents),
particularly polar oxygenated solvents such as alcohols,
cthers, esters, ketones, or mixtures. Some water may be
present with the alcohols, ethers, glycols, or other water-
miscible organic solvents. Examples of suitable polar oxy-
genated solvents include, but are not limited to, dimethyl
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cther, diethyl ether, methyl ethyl ether, monoethers or
diethers of glycols such as dimethyl glycol ether, furans,
dihydrofuran, substituted dihydrofurans, tetrahydrofuran
(THF), tetrahydropyrans, (1,3 and/or 1,4-) dioxanes, methyl
acetate, ethyl acetate, methyl ethyl ketone, acetone, and the
like and mixtures thereof. Acyclic or cyclic polyethers such
as poly(ethylene glycol) ethers, crown ethers (such as
12-crown-4 or 18-crown-6) and their mixtures can also be
used even though some of them may be much more expen-
sive than others.

THF 1s a more preferred solvent, particularly when CrCl,
is used as a starting material with 6-[1-{(2,6-dimethylphe-
nyl)imino }ethyl]-2-acetylpyridine and 6-[1-{(2,6-diisopro-
pylphenyl)imino }ethyl]-2-acetylpyridine as the ligands.
Other polar solvents such as 1,4-dioxane, tetrahydropyran,
halogenated hydrocarbons (chloroform or dichlo-
romethane), thioethers, and the like also may be used alone
or as mixtures between themselves or with other solvents,
particularly those disclosed herein.

The following general procedure may be used to prepare
the metal complexes. A first amount of a metal starting
material, such as a halide, and a second amount of a ligand,
such as 6-[1-{(2,6-dimethylphenyl)imino }ethyl]-2-
acetylpyridine are mixed 1n a suitable solvent under condi-
tions eflective to produce the product. The mixture 1s
thoroughly mixed with proper agitation or gas purging for a
period from one minute to 30 days. Then, optionally the
mixture may be let stand for an additional one minute to
thirty days without agitation. If the product 1s an nsoluble
solid 1n the reaction solvent, it 1s filtered and optionally
washed with the same solvent or another solvent, preferably
a more volatile one. The washed product 1s then placed
under vacuum or 1n a flowing gas condition to remove all the
volatiles. If the product 1s soluble in the reaction solvent
under the conditions, one can either remove part or all of the
solvent, and/or cool the reaction mixture to a lower tem-
perature to precipitate the product solid followed by filtra-
tion and optional washing. The solid can also be recovered
by removing the solvent by other techniques such decanta-
tion known to those skilled in the art. The product 1s then
weighed to determine yield and characterized by chemical
analyses, NMR and/or ICP to determine its chemical com-
position and structure. In the rare event that the complex 1s
a liquid at room temperature, the product can be recovered
or purified by distillation, chromatography or other means
known 1n the art.

As shown imn FORMULA B, 1t 1s most likely that the
metal-tridentate ligand complex has a ligand to metal molar
ratio of 1:1. For preparation of the complex, the molar ratio
of the ligand to the metal (whatever the starting material may
be) should be 1n the range of 1:10 to 10:1; preferably 1:5 to
5:1; more preferably 1:2 to 2:1. Availability, costs, desired
product, and product separation/purification are the major
factors to be considered for selecting a suitable molar ratio.

The complex formation reaction can be carried out at a
temperature 1n the range of from about —20° C. to about 150°
C., preterably form about 0° C. to about 90° C., and more
preferably from about 15° C. to about 50° C. The pressure
1s normally not a critical factor. It 1s convenient to use
ambient pressure, but sub- or super-atmospheric pressures
may be used. Some of the starting materials and/or products
may be air and/or moisture sensitive. It 1s therefore preferred
to carry out the reaction and/or the product recovery and/or
the product purification steps 1n a dried atmosphere such as
nitrogen, argon, helium, neon, krypton, methane, ethane,
propane, and mixtures thereof. If there are no other con-
cerns, air, carbon monoxide, carbon dioxide, hydrogen may
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also be used individually, or as mixtures thereof, or as
mixtures with 1nert gases or other gases. It may also be easier
to keep moisture and oxygen out by having a reactor or
reaction system pressure slightly higher than the ambient
(atmospheric) pressure.

I1 1t 1s desirable to support the metal complex on a carrier,
there are many inorganic and/or organic carriers within the
scope of the present invention. The selection depends on the
nature of the metal complex, the co-catalyst if any, the
desired polymerization reaction and other similar factors. It
1s preferred that the support provide some benefits to the
catalyst system chemically or catalytically, but this 1s not
required. There may be other reasons to select a particular
support, for mstance easier product purification, lower cost,
cheaper manufacturing process, etc. Inorganic carriers suit-
able for the present invention include, but are not limited to,
crystalline or amorphous silicas (including those disclosed
in U.S. Pat. No. 6,107,236), crystalline or amorphous alu-
minas, zeolites (both natural and synthetic ones such as
ZSM-35, ZSM-11, etc), crystalline or amorphous silicoalu-
minas, silicoaluminophosphates (SAPOs), metalalumino-
phosphates (MEAPOSs), aluminophosphates (ALPOs), tita-
nium oxide (titania), zirconium oxide (zirconia), magnesium
oxide, magnesium chloride, manganese chloride, and the
like and mixtures thereof. Some typical examples of suitable
supports can be found 1in “Heterogeneous single site cata-
lysts for olefin polymenization” Gregory G. Hlatky, Chemi-
cal Reviews, 100, pp 13471376 (2000).

A metal-multidentate ligand complex may be placed on
the supports by a number of known methods. The support
can be present during or after the metal complex 1s made
from the starting materials. Non-limiting examples include
incipient wetness, in-situ mixing, solution impregnation,
dry-mixing/admixing/blending, ion-exchange, sublimation,
co-precipitation, and combinations and/or repetitions
thereof.

As already mentioned hereinabove, the present mnvention
also relates to a novel multi-component catalyst system for
olefin, particularly ethylene or propylene or mixtures
thereof, polymerization process. This multi-component cata-
lyst system comprises (a) at least one first component
consisting essentially of one or more ethylene or propylene
dimerization and/or trimerization catalyst comprising the
metal-multidentate ligand complexes, particularly the chro-
mium based complexes as described herein (such as those
encompassed by FORMULA B) and preferably all coordi-
nating sites are nitrogen; and (b) at least one second com-
ponent consisting essentially of an olefin polymerization
catalyst selected from the group consisting of Ziegler-Natta
catalyst, 1ts precursor, a metallocene or metallocene precur-
sor, a second metal-tridentate ligand complex wherein 1t 1s
different from the one(s) used in (a) and/or not all three
coordinating sites are the same, and mixtures thereof. This
catalyst system, supported or unsupported, may be used
preferably with a co-catalyst containing at least one orga-
nometallic compound as disclosed herein to polymerize
olefins, particularly o.-olefins like ethylene or propylene or
mixtures of ethylene and propylene to a product. The
product may be wax, PE, PP, LDPE, LLDPE, and the like,
and mixtures thereof. Without being bound by a particular
theory, 1t 1s expected that the first component will dimerize
or trimerize ethylene and/or propylene to butene, pentene,
hexane, heptane, octane and/or nonene. These olefins serve
as co-monomers during polymerization of ethylene and/or
propylene catalyzed by the second component. Of course, 1t
1s also expected that oligomerization of these C,—C, olefins
with or without additional ethylene and/or propylene incor-
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porated can also take place. Depending on the catalyst
system and reaction conditions selected, products of various
characteristics can be produced in accordance with the
disclosures of the present invention.

Examples of suitable ethylene and/or propylene dimer-
ization and/or trimerization catalyst include, but are not
limited to, those comprising a metal-tridentate ligand com-
plex such as those represented by FORMULA B, wherein
preferably the metal 1s selected from the group consisting of
Cr, V, Mn, Ni, and/or mixtures thereof. It 1s more preferred
that the metal M 1s or consists essentially of chromium (Cr),
Q', Q?, and Q° are all nitrogen (N), both R* and R* have the
stricture of FORMULA C (i.e. phenyl groups), R'" is pref-
erably selected from H, methyl, ethyl, n-propyl, 1so-propyl,
and n-butyl groups, and R'> is H.

Examples of suitable Ziegler or Ziegler-Natta type cata-
lysts for the second component include, but are not limited
to those disclosed 1n Gregory G. Hlatky, Chemical Reviews,
100, pp 1347-1376 (2000). The catalysts can be either
“metallocene™ or “non-metallocene” type. Some examples
can be found in Gibson et al, Angew. Chem. Int’l Ed., 38,
428 (1999); and Pullkat et al, Catal. Rev.—Sci1. Eng., 41(3
&4), 389428 (1999).

Examples of metallocenes or metallocene precursors suit-
able for use as the second component of the multi-compo-
nent catalyst system include, but are not limited to those
based on cyclopentadienyl or modified cyclopentadienyl
ligands. Non-liming examples can be found 1n many pub-

lications such as Waymouth et al, Chemical Reviews, 98,
25872598 (1998); Alt et al, J. Mol. Cat. A: Chemical 165,

23-32 (2001); Alt et al. Chem. Rev., 100, 1205-1222
(2000); and Ittel et al, Chem. Rev., 100, 11691204 (2000).

The metal-ligand complex of the present immvention as
disclosed herein with or without a support can be used to
ellect polymerization of olefins, particularly 1n the presence
ol a co-catalyst. It should be repeated again that, as already
defined earlier, the term polymernzation 1s used herein
broadly to include dimerization, trimerization, and/or oligo-
merization. Thus, the products could be dimers, trimers,
oligomers (some of them are described herein as wax or
waxes which contain about twenty to about sixty or more
carbons), polymers and/or mixtures thereof. Under suitable
conditions, the products obtained are characterized by hav-
ing a Schulz-Flory constant (K) in the range of from about
0.4 to about 0.98, preferably from about 0.5 to about 0.9,
more preferably from about 0.55 to about 0.8.

The multi-component catalyst system 1s also useful in
polymerizing olefins, particularly lower alpha-olefins 1n the
presence ol an organometallic co-catalyst. While not bound
by a particular theory, it 1s believed that the ethylene and or
propylene dimers and or trimers produced by the first
component are incorporated as co-monomer(s) nto the
polymer products produced by a co-polymerization cata-
lyzed by the second component polymerization catalyst. The
second component can be mixed with the first component
followed by contacting with a suitable co-catalyst; or the
second component can be added, with or without additional
co-catalyst, to the polymernization reactor after some initial
reaction (such as ethylene or propylene dimerization reac-
tion) has already taken place. When the multi-component
catalyst 1s used and the olefin 1s selected from ethylene and
propylene, the product 1s usually characterized by being a
polyethylene (PE), low-density polyethylene (LDPE), linear
low density polyethylene (LLDPE), polypropylene (PP),
waxes, and the like, and mixtures thereof. The products are
particularly characterized by having branching along the
polymer chain. Such branching may be i1dentified or char-
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acterized by nuclear magnetic resonance (NMR), gas chro-
matography (GC), thermal properties, or many other meth-
ods known to one skilled in art, which are used to
characterize co-polymers.

For most polymerization reactions, co-catalysts are used
for supported, unsupported metal complexes or mixtures
thereof. Many co-catalysts can be used for the present
invention to activate the catalyst or to provide better poly-
merization activity/selectivity or other properties. Suitable
co-catalysts 1nclude, but are not limited to organometallic
compounds (monomeric or oligomeric metal alkyls, metal
aryls, metal alkyl-aryls, with or without other moieties such
as halide or alkoxide) comprising at least one of the metals
selected from the group consisting of B, Al, Ga, Be, Mg, Ca,
Sr, Ba, L1, Na, K, Rb, Cs, Zn, Cd, and Sn. These are referred
to as organoboron, organoaluminum, organogallium, orga-
noberyllium, organomagnesiu, organocalcium, organostron-
tium, organobarium, organolithium, organosodium, organo-
potassium, organoribidium, organocesium, oOrganozing,
organocadmium and organotin compounds respectively. The
only requirement 1n these compounds 1s that there 1s at least
one carbon-metal bond like alkyl-M, aryl-M, and delocal-
1zed carbon-containing moiety (for mstance a cyclopentadi-
enyl group, C.H.7)-M bond. As it will become clear later,
there may be other groups such as halide, alkoxide and other
similar groups. There also may be more than one metal atom
in these organometallic compounds. A general character 1s
that they are active enough to reduce the oxidation states of
the metals 1n the metal-tridentate complex, or metallocene
precursor, or Ziegler catalyst precursor, or Ziegler-Natta
catalyst precursors. Preferred examples of suitable co-cata-
lysts include, but are not limited to organoaluminum com-
pounds (such as aluminum alkyl compounds, with or with-
out halides, alkoxides or other ligands or moieties),
organoboron compounds, organolithium compounds, orga-
notin compounds, and mixtures or solutions (many com-
mercial materials are 1n solvents such as alkanes or alcohols)
thereof. Organoaluminum compounds in all forms are more
preferred for their chemical properties, physical properties,
commercial availability, and costs.

More specific and pretferred, but non-limiting, examples
are trimethylaluminum, triethylaluminum, diethylaluminum
chloride, diethylaluminum ethoxide, diethylaluminum cya-
nide, diusobutylaluminum chloride, triisobutylaluminum,
t-butyl alumoxanes, ethylaluminum sesquichloride, alumox-
anes such as MAO (methylalumoxane), modified methyla-
lumoxane (MAQO which contains other aluminum alkyl
species or moieties), dimethylboron bromide, methylboron
dibromide, tributylboron, tributyltin chloride, tetra-n-propy-
Itin, tetra-n-butyltin, and mixtures thereof. These materials
can be purchased from commercial sources or prepared 1n
accordance with published methods that are known to those
skilled 1n the art. As already mentioned, these materials,
particularly those purchased from commercial sources, may
further contain solvents like toluene, hexane, alcohols, etc.
These solvents generally do not interfere with the olefin
polymerization reactions of this invention.

The relative amount of a co-catalyst to a catalyst 1s the
range of from about 10,000:1 to about 1:10,000, preferably
from about 5.000:1 to about 1:5,000, more preferably from
about 2,000:1 to about 1:2,000, all being molar ratios. In the
case of the multi-component catalyst system, the relative
amount of the first component to the second component 1s 1n
the range of from about 0.001:1 to about 1:0.001; preferably
0.01:1 to 1:0.01; more preterably from 0.1:1 to 1:0.1; all
being molar basis. The relative amount of a co-catalyst to the
total amount catalyst 1n the multi-component catalyst system
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1s the range of from about 10.000:1 to about 1:10,000,
preferably from about 5,000:1 to about 1:5.000, more prei-
erably from about 2,000:1 to about 1:2,000, all being molar
ratios.

The co-catalyst(s) can be added to the metal-bidentate,
-tridentate, or multi-dentate complexes (catalyst) 1n any
manner known 1n the art. For instance, the catalyst and the
co-catalyst can be mixed first before bringing 1n contact with
a feed comprising an olefin or an olefin mixture. In the
alternative, the co-catalyst can be mixed with the olefin-
contaiminig feed first before this mixture 1s mixed with the
metal-ligand complex catalyst. Many other modifications
are possible. As already described above, mn a multi-com-
ponent catalyst system, the second component, with or
without additional co-catalyst, may be pre-mixed with the
first component, or it can be added to the reactor after some
or all of the mitial dimenization and/or trimerization reaction
of ethylene and/or propylene 1s completed.

Many different olefins can be polymerized or co-poly-
merized (including dimerization, co-dimerization, trimeriza-
tion, co-trimerization, other oligomerizations or co-oligo-
merizations) using the catalyst system of this invention and
all these are within the scope of this mvention. Examples
include, but are not limited to ethylene, propylene, 1-butene,
cis-2-butene, trans-2-butene, butadiene, isoprene, 1,3-pen-
tadiene, 1.4-pentadiene, 1,3-hexadiene, 1,4-hexadiene, 1,5-
hexadiene, 4-vinylcyclohexene, norbornadiene, eth-
ylidenenorbornene, vinylnorbornene, C. and higher olefins
such as 1-petene, 3-methyl-1-pentene, 4-methyl-1-pentene,
1-hexene, 1-heptene, 1-octene, 1-nonene, 1-decene, 1-un-
decene, 1-dodecene, 1-octadecene, cyclopentene, methylcy-
clopentene (1-, or 2-, or 3- and mixtures), vinylcyclohexane,
norbornene, vinyl aromatics such as styrene, o-methylsty-
rene, m-methylstyrene, p-methylstyrene, a-methylstyrene,
p-cthylstyrene, p-t-butylstyrene, divinylbenzene, 1-vinyl-
naphthalene, 2-vinylnaphthalene, 2-vinylpyridiene, 3-vi-
nylpyridine, 4-vinylpyridine, and the like, and mixtures
thereof.

The product of the polymerization reaction most often
comprises (co-) dimers to polymers, depending on the
catalyst, the co-catalyst i any, the feed and other reaction
conditions. In a preferred embodiment of this invention, the
product comprises primarily terminal (1.e. a.-) olefin prod-
ucts, linear or branched or mixtures thereof. The distribution
of various compounds 1n the product depends on the reaction
conditions, feed composition as well as the catalyst, includ-
ing co-catalyst. It 1s preferred to have narrow distribution of
products, particularly for dimerization and trimerization
reactions. Product separation and purification will be easier
if there are fewer compounds in the product. For ethylene
dimerization reactions, a typical product contains primarily
1-butene. It 1s preferable to have 1-butene 1n excess of 98%
among the butene i1somers. It 1s more preferable to have
1-butene of 99% or higher purity among the butene 1somers.

The polymerization process or reaction, as previously
defined to include (co-) dimerization, (co-)trimerization or
other oligomerizations of one or more olefins, may be
carried out 1 any suitable mode or physical form. For
example, the reaction can be homogeneous, heterogeneous
or a combination thereof. The polymerization process may
be carried out 1n a slurry phase, gas phase, liquid phase,
super-critical phase, or the like, and combinations thereof.
The polymernization can be carried out in a batch mode,
continuous mode, semi-continuous mode or any other man-
ners known to one skilled 1n the technology.

Because of the reactivity of metal-multidentate ligand
complex and/or the co-catalyst used for the polymerization
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reaction or for other considerations, 1t 1s generally preferred
to carry out 1n a non-reactive or inert atmosphere the
reactions—complex preparation and recovery/purification
(1f any), activation, olefin polymerization, or post polymer-
1zation treatments (such as to deactivate the entire catalyst
system or product recovery/purification). Sometimes 1t 1s
also preferred to have some hydrogen in the system. Cer-
tainly, 11 the products or the reaction systems are not affected
by oxygen and/or water and there are no other safety
concerns under the reaction conditions, then 1t 1S more
convenient and cost eflective to carry out certain individual
steps 1n air.

The polymerization reaction was carried out in a suitable
reactor under conditions eflective to produce the desired
product. The important reaction parameters include, but are
not limited to, the metal-multidentate ligand complex, the
metallocene and/or metallocene precursor it used, the co-
catalyst, ratio of co-catalyst to the catalyst, the feed, the
medium (1.e. solvent) if one 1s used, reaction temperature,
reaction time, olefin partial pressure 1f it 1s a gas or has a
substantial vapor pressure under the reaction condition,
replenishment of consumed olefin 1f desirable, amount of
co-monomer 1f present, other reactants such as hydrogen
desired, reactive impurities (such as oxygen and water) 1n
the reaction system, and the product work-up procedure.

If the olefin monomer 1s a gas under the conditions, such
as ethylene, then a suitable partial pressure 1s 1n the range of

from about 0.1 psia (0.7 kPa) to about 2,500 psia (17,250
kPa), preferably 0.2 psia (1.4 kPa) to 2,000 psia (13,800
kPa), more preterably from 0.5 psia (3.4 kPa) to 1,500 psia
(10,300 kPa). Because the total system pressure will
decrease as the gaseous olefin(s) is(are) polymerized or
consumed, one can continue to add more monomer(s) to the
reactor at a set rate (such as a continuous flow of the
monomer to the reactor), add different monomers, if more
than one, at different rates, add more monomer(s) on demand
to maintain a certain system pressure, add a second different
monomer or monomer mixtures to the reactor, let the system
pressure decrease, any other choices known to those skilled
in the art, or a combination thereof. If no additional mono-
mer 1s needed or desired, gases 1nert to the reaction mixture
may be used to make the necessary pressure.

The polymerization temperature 1s 1n the range of from
about 0° C. to about 150° C., preferably from about 10° C.

to about 120° C., more preferably from 20° C. to 75° C. A
suitable temperature 1s determined by a number of factors,
such as catalyst stability, catalyst activity, the monomer or
monomers to be polymerized or co-polymerized, the prop-
erties of the co-catalyst, and others.

The olefin monomer(s) may be pre-mixed or added simul-
taneously to the polymerization reactor, or added sequen-
tially to the reactor or metered into the reactor in some other
manner. The olefin monomer(s) can also be added as needed
(on demand) to maintain a certain system pressure. The
olefin monomer(s) can also be added continuously at certain
rate. Or, the olefin monomers can also be added at the
beginning and then let them be consumed without any
additions. All these may be done at fixed reaction parameters
or variable parameters such as pressure ramp or temperature
ramp. Combinations of some of these may also be used.

The olefin monomer(s), the metal-ligand complex or the
multi-component catalyst system, the co-catalyst (if used),
and any other materials, such as a medium, may be mixed or
contacted with one another according to the sequences or
orders known to those skilled 1n the art. Certainly, the first
component, the second component, and other components
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(if any) and the co-catalyst may be brought into contact with
one another 1n any order or sequence or simultaneously.

The following examples 1llustrate preparations of exem-
plary ligands, preparations ol certain metal-multidentate
ligand complexes, and polymerization of olefins by using
catalysts comprising the complexes and co-catalyst, and
analyses used to characterize different products from these
reactions.

EXAMPLE 1

This example shows a typical preparation method of a
tridentate  ligand  like  6-[1-{(2,6-dimethylphenyl)
imino }ethyl]-2-acetylpyridine. 3.0 g (18.4 mmol) of 2,6-
diacetylpyridine and 2.3 ml (18.7 mmol) of 2,6-dimethyl
aniline were added to a flask with a stirbar and 20 ml of
anhydrous methanol. Several drops of glacial acetic acid
were added, and the reaction was heated with stirring for 3
days at 55° C. The reaction tlask was then placed 1n a freezer
at —20° C., resulting 1n the formation of yellow, needlelike
crystals. These crystals were removed by filtration and

washed with cold methanol (vield=1.15 g, 23.5%).

EXAMPLE 2

The following 1s one example of demonstrating how a
chromium based complex—chromium(II) 6-[1-{(2,6-diiso-
propylphenyl)imino }ethyl]-2-acetylpyridine chloride (with
THF) was prepared:

A sample of 1.0 gram of 6-[1-{(2,6-diisopropylphenyl)
imino }ethyl]-2-acetylpyridine and 382 mg of chromium
chlornide (Cr(Cl,, obtained from Aldrich Chemical Company)
were transferred into a flask 1 a drybox under argon.
Anhydrous tetrahyfuran (THF), about 50 ml, was added to
this mixture. The mixture was stirred overnight under argon.
The mixture was then allowed to stand for three days,
followed by addition of about 100 ml of n-pentane. A
grayish purple solid was 1solated by filtration 1n air. The
filtrate was green. The recovered solid was further washed
with n-pentane and dried. Total yield was 1.2377 grams (90%
ol theoretical yield).

This metal complex was used for the polymerization
reaction Entry 9 and Entry 13 1n TABLE 1.

EXAMPLE 3

A similar method was used successtully to prepare a
chromium(II) chloride complex containing 6-[1-{(2,6-dim-
ethylphenyl)imino }ethyl]-2-acetylpyridine. The complex
had a light purple color. The amount of tridentate ligand used
was 267 mg and CrCl,, 120 mg was obtained from Strem
Chemical Company.

This metal complex was used for the polymerization
reaction Entry 8 in TABLE 1.

EXAMPLE 4

The polymerization reactions were carried out in the
following manner. All of the solvents such as anhydrous
THEF, heptane and cyclohexane were purchased from Aldrich
Chemical Company and stored over molecular sieves before
use. l-hexene was obtamned as a commercial grade of
Chevron Phillips NAO’s and dried over molecular sieves.
MMAQO-3A was purchased from Akzo Nobel.

For small, low-pressure ethylene polymerization reac-
tions, 1 an 1nert, oxygen and moisture free, atmosphere
(such as a dry box filled with nitrogen or argon) the
metal-ligand complex, such as a chromium-tridentate ligand
complex, a medium (polymerization solvent) 1f one was
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used, and a stir-bar were placed 1n a flask. For a multi-
component catalyst system, the second component was also
added to the flask at the same time 1n the experiments. As
already pointed out earlier, the second component also may
be added later to a reactor with or without using additional
co-catalyst such as aluminum alkyls. The flask was trans-
terred to a Schlenk manifold and placed under a continuous
cthylene purge. The flask contents were stirred rapidly for
several minutes to saturate the solvent (such as heptane)
with ethylene and to break apart any small chunks of the
complex. A co-catalyst such as MMAO-3A from Akzo
Nobel was added via a syringe while the stirring continued.
Optionally, a cooling bath could be used to control and/or
maintain the desired reaction temperature. For reactions in
which light olefins (such as butenes) were the primary
products, ethylene was continuously purged through and out
of the reaction flask. For the reactions waxes and/or higher
molecular weight polyethylenes (PE) were produced, ethyl-
ene was added “on demand.”

For reactions carried out at a pressure higher than about
ambient pressure, a one-liter Zipperclave™ reactor fro Auto-
clave Engineers was used. The reactor should be clean and
dried appropnately. The metal-ligand complex was dis-
solved 1n a small amount of solvent such as methylene
chloride in a breakable thin-glass tube, which was then
bound to the stirrer shaft of the reactor. The reactor was then
evacuated, charged with a medium i1f one used and a
co-monomer 1f one 1s used, and a co-catalyst. If the co-
monomer 1s a gas under ambient conditions, it would be
added via a gas 1nlet. The olefin (such as ethylene) was then
added and the stirred shaft was started, thus breaking the
breakable thin-glass tube, thus contacting the metal-ligand
complex with the co-catalyst and the olefin. For olefins such
as ethylene, propylene or butene which are gases under
ambient conditions, they were added through an inlet tube.
It was preferred, particularly for ethylene, that the olefin was
added “on demand,” 1.e. added enough to maintain a certain
pre-determined pressure or pressure profile. The reactor
temperature was maintained by passing a coolant through
and cooling coil 1nside the reactor. After the desired reaction
pertiod was reached, 1t was more convenient to add a
deactivating agent to “kill” the catalyst system for product
work-up. For most reactions, and particularly when orga-
noaluminum such as MAO or MMAO co-catalysts were
used, an acidified methanol solution was used for this
purpose. The product mixtures were then removed from the
reactor, followed by filtration, washing or other common
product purification techniques. The products were analyzed
by gas chromatography (GC) and other analytic techniques
or methods known to those skilled 1n the art.

Results from such polymerization reactions are shown 1n
TABLE 1. All of the catalysts contained chromium, and
MMAOQ was used as the co-catalyst. Q" is nitrogen. Q* and
Q° were both nitrogen for Type 1; Q° was nitrogen and Q°
was oxygen for Type 2. R' and R® (when present in Type 1)
were represented by FORMULA C with R'! and R'> shown
in the Table. The reactions were carried out at temperatures
between 25° C. (ambient temperature) and 100° C. Ethylene
pressure was 1n the range of from 135 psia (100 kPa) to 415
psia (2,860 kPa).

Results from polymerizations using a multi-component
catalyst system are shown in TABLE II. Unless otherwise
specified, the designations and abbreviations are used to
indicate the same. See more detailed descriptions of the two
entries below. The metallocene precursor C (CH;),S1(CHj;)
,N(t-Bu)T1Cl, was prepared according to the method 1n
literature.
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TABLE* I

TABL.

L1l

I

18

Polymerization of Ethylene and a-Olefins Using Chromium-Tridentate Ligand Complexes

P

Complex (psi1), Solvent

ethylene
amount comonomer (medium)
Entry Type® R!! R!° (mg) Al:Cr®  (amount)? (ml)®

1 1 H H 5.7 500 15 CyH(40)

2 1 Me H 6.1 400 15 CyH(40)

3 1 Et H 5.4 500 15 CyH(40)

4 1 1Pr H 4.6 500 15 CyH(40)

5 1 tBu H 5.2 500 15 CyH(40)

6 1 Me Me 6.7 500 15 CyH(40)

7 1 Me H 5.1 1100 400 CyH(200)

8 2 Me Me 1%8.0 160 15 heptane(50)

9 2 1Pr 1Pr 21.0 120 15 heptane(50)
10 2 tBu H 6.3 500 15 heptane(40)
11 2 Me Me 5.0 1150 400 heptane(200)
12 2 Me Me 4.0 1150 400 heptane(200)
13 2 1Pr 1Pr 15.0 225 400 heptane(200)
14 2 Me Me 14.6 160 15, 1.4a.

1-hexene
(50 ml)
15 2 Me Me 13.6 260 15, heptane(45)
1-hexene
(9 ml)
16 2 Me M 13.6 260 15, Heptane (50)
1-octadecene
(15 ml)
Notes:

Prod.t

(g/g Cr
complex) Notes

Rxn
length

(min)

Yield
(g)

n.d.

T (° C.)

30 35 n.d. rapid exotherm;
mostly butene,
heavily
1somerized to

c- and t-2-butene
rapid exotherm,
required cooling;
mostly 1-butene,
99% purity
rapid exotherm,
99% pure 1-butene
rapid exotherm,
99% pure 1-butene,
small amts. of
higher olefins
major product

1s PE
CMK(GC)~C4S;
Schulz Flory
constant ~0.96
very rapid
exotherm, 99.6%
1-butene purity,
small amt of
hexenes, octenes,
PE

waxes

heavy waxes
heavy waxes/PE
a-olefin waxes,
Schulz-Flory
K~0.87

a-olefin waxes,
K~0.87

heavy waxes,
Mn = 750
oummy solid;
significant C,
incorp. by GC
waxes;
significant C
incorp. by GC
Waxes
Significant C g

incorporated

60 35 n.d. n.d.

RO 35 n.d. n.d.

30 35 n.d. n.d.

180 25 1.9 370

120 35 10.4 1550

30 85 n.d. n.d.

180
180
60
60

25
25 _
25 1.1
80 101

330

60

180
20,200

6.0

60 100 95 23,800

120 60 25.0 1670

360 25 1.8 100

180 25 22.2 1520

1200 25 35.5 2610

*Type 1: Q!, Q?, and Q? are all nitrogen; Type 2, Q'and Q? are nitrogen, and Q® is oxygen; R! and R? (if present) are represented by FOR-

MULA C.

b) For example, 2-H represents unsubstituted aryl rings for a Type I complex.

“Molar ratio of Al to Cr in the reaction.
YEthylene pressure, and amount of comonomer present (if applicable).
°*CvyH 1s cyclohexane.

*Prod. = productivity, which was not determined for reactions in which the major product was butene.

TABL

11

(Ll

Entry

17 18
Type (First Component) 1 1
R Me IPr
R™ H H
Amount (mmg) 2.5 2.0
Al:Cr 2000 3000
Second Component g 2
R — Me

55

60

65

TABLE II-continued
Entry

17 18
R — Me
Amount (mg) 4.0 7.5
Al:Metal 1000 600
Pethylene (pSlﬂ) 15 15
Solvent, or medium (ml) Heptane (40) Heptane (50)
Reaction time (min) 60 240
T C.) 30-35 25
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TABLE II-continued

Entry
17 18
Yield (g) 3.61 1.62
Productivity 900 170
(g/g Cr complex)
Notes PE PE

Branching observed®™  Branching observed”

5The branching, observed from gas chromatographic analyses is similar to
Entry 15, where 1-hexene was used as a co-monomer.

For Entry 1, where both R*" and R'> are hydrogen (H), the
butene product contains substantial amount of cis- and
trans-2-butenes. For Entry 14, there was substantial incor-
poration of 1-hexene 1n the products by analyses. For Entry
15, there was substantial mncorporation of 1-hexene in the
products by analyses. For Entry 11, K was about 0.87. For
Entry 12, K was also about 0.87. For Entry 2, 1n the C,
olefins, 1-butene was 1n excess of 99% purity among the
butene 1somers; some low punity of C, products. For Entry
7, 1n the C, olefins, 1-butene was about 99.6% pure; 1n the
C, olefins, 1-hexene was about 93% pure. Entry 3 and Entry
4 also gave 1-butene at 99% purity. Entry 16 showed the
incorporation of 1-C, . olefin.

It can be seen from these results that a catalyst comprising
the chromium metal complexes and an aluminum alkyl
co-catalyst, MMAOQO, were eflective in both polymerization
and co-polymernization. Products comprising high c.-olefin
concentrations (such as 1-butene and 1-hexene) were pro-
duced when all three coordinating sites are nitrogen and
there was a single ortho-substitution of on the phenyl ring as
represented by FORMULA C. When the ortho-substitution

was a large t-butyl group, polyethylene was produced.

Results in TABLE I also showed that catalysts comprising,
the chromium metal complexes and a suitable aluminum
alkyl, MMAO, were very active, having good productivity
per gram of chromium.

Entry 17 in TABLE II shows that when a chromium
tridentate ligand (type 1, all three coordinating sites were
nitrogen) complex was used 1n combination with a metal-
locene precursor, polyethylene (wax type) was obtained with
cthylene as the feed. The product was very similar to that
obtained 1 Entry 135, where 1-hexene was used as a co-
monomer. GC analysis showed branching on the polymer
chains.

Entry 18 1n TABLE II shows that when a chromium
tridentate ligand (all three coordinating sites were nitrogen)
complex was used in combination with a different chromium
tridentate ligand (type 2, Q' and Q° were nitrogen, Q°,
oxygen) complex, polyethylene (wax type) was obtained
with ethylene alone. The product was very similar to that
obtained 1 Entry 135, where 1-hexene was used as a co-
monomer. GC analysis showed branching on the polymer
chains.

The examples herein are provided only for the purpose of
illustrating the embodied invention. They are not intended
and should not be treated as to limit the spirit and scope of

the 1nstant invention, which 1s defined solely by the speci-
fication and claims.

The invention claimed 1s:

1. A process for making a product, comprising contacting
at least one olefin 1n a feed with a catalyst under reaction
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conditions followed by recovering the product, wherein the
catalyst comprises a metal-tridentate ligand complex having

a FORMULA B:

(solvent),,

wherein

Q', Q% and Q°: independently selected from O, S, N, and
P;

R' and R’: independently selected from H, C, to C,, alkyl
groups, 1-, 2- or 3-ring aryl groups and substituted aryl
groups,

R* and R*: if Q° or Q” is O or S, none,
if Q° or Q° is either N or P, independently selected from

H, C, to C,, alkyl groups, 1-, 2- or 3-ring aryl groups
and substituted aryl groups;

R, R® and R’: independently selected from H, C, to C,,
alkyl groups;

M: a first transition metal selected from the group con-
sisting of Cr, Mn, V, T1, Zr, Hif, Ta, and mixtures
thereof;

L: each L independently selected from the group consist-
ing ol F, Cl, Br, I, C, to C,, alkyl, C. to C, , aryl, nitrate,
0521, OC(=0O)R**; R*>; CN; SCN, CO, H, wherein
R™,

R**, and R*’ are independently selected from the group
consisting of H, C, to C,, alkyl groups, substituted
alkyl groups, 1-, 2- or 3-ring aryl groups, substituted
aryl groups, and silyl groups;

solvent: selected from the group consisting of ethers,

polyethers, esters, alcohols, halogenated hydrocarbons,
and mixtures thereof;

q: 05 (integer) to balance overall electrical charge; and
m: 0-10 (integer or fractional).

2. The process of claim 1, wherein the olefin 1n the feed
comprises at least one a-olefin and Q', Q?, and Q° comprise
at least two different elements.

3. The process of claim 2, wherein the transition metal
(M) consists essentially of an element selected from the
group consisting ol manganese, chromium, vanadium, and
mixtures thereof.

4. The process of claim 3, further comprising a co-catalyst
comprising one or more organometallic compounds selected
from organoaluminum compound, organoboron compound,
organogalllum compound, organozinc compound, orga-
nocadmium compound, organotin compound, organolithium
compound, organosodium compound, organopotassium
compound, organorubidium compound, organomagnesium
compound, organocalcium compound, and mixtures thereof;
and wherein

the a-olefin 1n the feed 1s selected from the group con-
sisting of ethylene, propylene, 1-butene, cis-2-butene,
trans-2-butene, 1,3-butadiene, 1-pentene, 1-hexene,
1-heptene, 1-octene, 1-nonene, 1-octene, 1-octadecene,
1,5-hexadiene, 1.4-hexadiene, styrene, o-methylsty-
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rene, m-methylstyrene, p-methylstyrene, p-ethylsty-
rene, p-t-butylstyrene, and mixtures thereof; and

the product comprises primarily terminal olefins, which
are linear, branched or mixtures thereof.

5. The process of claim 3, wherein

Q' and Q7 are nitrogen, Q” is oxygen, and R* does not
exist;

R' and R” are independently selected from C, to C. alkyl
groups;

R* is selected from 1-ring aryl groups:;

R> R°, and R’ are independently selected from H and C,
to C. alkyl groups; and

cach L 1s independently selected from F, Cl, Br, I, alkyl,
aryl and mixtures thereof.

6. The process of claim 3, wherein
R* has a structure of FORMULA C:

R'2, R*’, and R** are H; and

R'" and R'> are selected independently from the group
consisting ol H, methyl, ethyl, n-propyl, and 1so-propyl
groups.

7. The process of claim 1, wherein

M consists essentially of an element selected from the
group consisting ol chromium, vanadium, manganese,
and mixtures thereof;

Q' and Q° are nitrogen, Q° is oxygen, and R* does not
exist;

R' and R” are independently selected from C, to C alkyl
groups;

R* is selected from 1-ring aryl groups:;

R> R®, and R’ are independently selected from H and C,
to C. alkyl groups;

cach L 1s independently selected from F, Cl, Br, 1, alkyl,
aryl, and mixtures thereof.

8. The process of claim 7, wherein
R* has a structure of FORMULA C:

R'2, R*’, and R** are H; and

R'' and R'> are independently selected from the group
consisting of H, methyl, ethyl, n-propyl, and 1so-propyl
groups.

9. The process of claim 1, further comprising a co-catalyst

selected from at least one aluminum alkyl compound; and
wherein

the olefin 1s selected from ethylene, propylene, 1-butene,
l-pentene, 1-hexene, 1-heptene, 1-octene, 1-octa-
decene, and mixtures thereof;
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the transition metal consists essentially of chromium;
q 1s 2;
the tridentate ligand 1s selected from the group consisting
of
6-[1-{(2,6-dimethylphenyl)imino }ethyl]-2-acetylpyri-
dine,
6-[1-{(2,6-dimethylphenyl)imino }ethyl]-2-acetylpyri-
dine, and mixtures thereof; and

the product comprises terminal olefins, which are linear,
or branched, or mixtures thereof.

10. The process of claim 1 wherein

the at least one olefin 1s ethylene;

the product 1s butene;

and Q', Q°, and Q° are nitrogen.

11. The process of claim 10, wherein the ethylene has a
partial pressure 1n the range of from about 0.1 psia (0.7 kPa)

to about 2500 psia (17,250 kPa) and the reaction conditions
comprise a temperature 1n the range of from about 0° C. to

about 150° C.

12. The process of claim 11, wherein the transition metal
consists essentially of an element selected from the group
consisting of chromium, vanadium, manganese, and mix-
tures thereot; and further comprising a co-catalyst compris-
ing at least one organometallic compound selected from the
group consisting ol organoaluminum compound, organobo-
ron compound, organotin compound, and mixtures thereof.

13. The process of claim 12, wherein

the transition metal consists essentially of chromium;

q 1s 2;

R is selected from the group consisting of methyl, ethyl,
n-propyvl, and 1so-propyl groups;

R is H; and

the product comprises 1-butene of 99% or higher purity
among butene 1somers.

14. The process of claim 12, wherein

the transition metal consists essentially of chromium;

q 1s 2;

R'' and R*> are both H; and

the product comprises butene 1somer mixtures.

15. The process of claim 2, wherein

the product 1s characterized by having a Schulz-Flory
constant (K) in the range of from about 0.5 to about 0.9;
and

turther comprising a co-catalyst comprising one or more
organometallic compounds selected from organoalumi-
num compound, organoboron compound, organogal-
llum compound, organozinc compound, organocad-
mium compound, organotin compound, organolithium
compound, organosodium compound, organopotas-
stum compound, organorubidium compound, organo-
magnesium compound, organocalcium compound, and
mixtures thereof.

16. The process of claim 15 wherein

the transition metal (M) consists essentially of an element
selected from the group consisting of manganese, chro-
mium, vanadium, and mixtures thereotf; and
Q' and Q” are nitrogen, Q° is oxygen, and R* does not
exist;
R" and R’ are independently selected from C, to C. alkyl
groups;
R” is selected from 1-ring aryl groups:;
R> R® and R’ are independently selected from H and C,
to C; alkyl groups; and
cach L 1s independently selected from F, Cl, Br, I, alkyl, aryl
and mixtures thereof.
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17. The process of claim 16 wherein

the a-olefin 1n the feed 1s selected from the group con-
sisting of ethylene, propylene, 1-butene, cis-2-butene,
trans-2-butene, 1,3-butadiene, 1-pentene, 1-hexene,
1-heptene, 1-octene, 1-nonene, 1-octene, 1-octadecene,
1,5-hexadiene, 1,4-hexadiene, styrene, o-methylsty-
rene, m-methylstyrene, p-methylstyrene, p-ethylsty-
rene, p-t-butylstyrene, and mixtures thereof; and

the product comprises primarily terminal olefins, which
are linear, branched or mixtures thereof.

18. The process of claim 1, wherein

the at least one olefin comprises ethylene, propylene, and
mixtures thereof;

the metal-tridentate ligand complex having the FOR-
MULA B wherein Q', Q°, and Q° are nitrogen is a first
catalyst component; and further comprising

at least one second catalyst component having a second
transition metal selected from the group consisting of a
Ziegler-Natta catalyst, a precursor of the Ziegler-Natta
catalyst, a metallocene, a precursor of the metallocene,
a second metal-tridentate ligand complex having the
Formula B wherein Q', Q°, and Q° are independently
selected from O, S, N, and P and are not all the same,
and mixtures thereof.

19. The process of claim 18, wherein the first transition

metal 1s selected from the group consisting of manganese,
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chromium, vanadium, nickel, and mixtures thereof; and the
second transition metal 1s selected from the group consisting
of titanium, zirconium, hafnium, vanadium, and mixtures
thereof.

20. The process of claim 19, further comprising a co-
catalyst comprising at least one organometallic compound
selected from the group consisting of organoaluminum
compound, organoboron compound, organogallium com-
pound, organozinc compound, organocadmium compound,
organotin compound, organolithium compound, organoso-
dium compound, organopotassium compound, organoru-
bidium compound, organocestum compound, organomagne-
s1UIm compound, organocalcium compound,
organostrontium compound, organobarium compound, and
mixtures thereof.

21. The process of claim 20, wherein the product 1s
characterized by having branching along main polymer
chains and 1s selected from the group consisting of polyeth-

lene (PE), low density polyethylene (LDPE), linear low
density polyethylene (LLDPE), polypropylene (PP), wax,
and mixtures thereof.
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